The plant SOS2 family of protein kinases and their interacting activators, the SOS3 family of calcium-binding proteins, function together in decoding calcium signals elicited by different environmental stimuli. SOS2 is activated by Ca-SOS3 and subsequently phosphorylates the ion transporter SOS1 to bring about cellular ion homeostasis under salt stress. In addition to possessing the kinase activity, members of the SOS2 family of protein kinases can bind to protein phosphatase 2Cs. The crystal structure of the binary complex of Ca-SOS3 with the C-terminal regulatory moiety of SOS2 resolves central questions regarding the dual function of SOS2 as a kinase and a phosphatase-binding protein. A comparison with the structure of unbound SOS3 reveals the basis of the molecular function of this family of kinases and their interacting calcium sensors. Furthermore, our study suggests that the structure of the phosphataseinteraction domain of SOS2 defines a scaffold module conserved from yeast to human.
INTRODUCTION
The coordinated action of protein kinases and phosphatases produces transient phosphorilation, a regulatory mechanism by which living organisms control cellular processes in response to developmental, hormonal, and environmental cues. Given the importance of such processes, the activity of these proteins must be under tight regulation to ensure the integration of diverse biological stimuli and the generation of appropriate cellular responses. Protein-protein interactions are fundamental to understand this regulation and signal transfer mechanisms of signal transduction. Protein kinases have evolved to display discrete scaffold domains or even short sequence motives to interact with their binding partners and regulate their function.
SOS2 is a serine/threonine protein kinase that is required for plant salt tolerance Liu et al., 2000; Zhu, 2000 Zhu, , 2003 Guo et al., 2001; Guo et al., 2004) . SOS2 physically interacts with the calcium sensor SOS3 (Liu and Zhu, 1998) and is activated by it . The binding of SOS2 to SOS3 is mediated by the 21 amino acid FISL motif in SOS2, which is autoinhibitory to the kinase activity (Guo et al., 2001 ). SOS2 displays its activity at the plasma membrane where the SOS2-SOS3 kinase complex is required for the phosphorylation and activation of the Na + /H + antiporter SOS1 (Qiu et al., 2002; Quintero et al., 2002) . The myristoylation of SOS3 at its N terminus is important for recruiting SOS2 to the lipid bilayer Quintero et al., 2002) . In addition, it is known that SOS2 can interact with the PP2C-type protein phosphatase ABI2 through a 33 amino acid sequence designated as the PPI-binding motif (Ohta et al., 2003) . The FISL and PPI motifs are located in the C-terminal regulatory region of the SOS2 kinase. SOS2 and SOS3 are the founding members of a unique protein family in Arabidopsis of 25 kinases that contain FISL (also known as NAF) and PPI motifs, the PKS or CIPKs (thereafter CIPKs) (Guo et al., 2001) , and of a family of ten EF-hand-type calcium-binding proteins, the SCaBPs (Guo et al., 2001) or CBLs (thereafter CBLs) (Luan et al., 2002) , respectively. These proteins are proposed to decode specific calcium signals triggered by a number of extracellular stimuli such as salinity, drought, cold, gravity, light, anoxia, and mechanical perturbation (Harmon et al., 2000; Scrase-Field and Knight, 2003) .
The mechanisms conferring signaling specificity to this network of proteins appear to rely on the differential calcium-binding affinities of the CBLs, the differential expression pattern and subcellular localization of both the CIPKs and CBLs, and the interaction specificity in CBL-CIPK combinations. Although these issues have been investigated (Gong et al., 2004; Batistic and Kudla, 2004) and the crystal structures of SOS3 (Sanchez-Barrena et al., 2005) and CBL2 (Nagae et al., 2003) in the presence of calcium have been determined, the molecular mechanism underlying CBL-mediated activation of the CIPKs and the selectivity of each CBL-CIPK interacting partner remains obscure.
Recently, it has been reported that CIPK23, interacting with the calcium-binding proteins CBL1 and CBL9, regulates the Arabidopsis ion transporter AKT1 (Xu et al., 2006; Li et al., 2006) . Available data suggest a general mechanism in which CBL-CIPK complexes may be regulating the phosphorylation state of various ion transporters. Moreover, the ability of SOS2 to interact with the protein phosphatase ABI2 suggests that SOS2-ABI2 and/or other CIPK-PP2C complexes could act as molecular on-off switches controlling the phosphorylation state of plant ion transporters. However, little is known currently about the regulation of the opposite activities of the kinase and phosphatase that should be under tight regulation so that they do not occur simultaneously.
To understand the molecular architecture of the CIPK-CBL interaction, we have determined the X-ray crystallographic structure of the complex between the C-terminal regulatory moiety of the kinase SOS2 and the calcium-binding protein SOS3. The structure provides a molecular basis of CBLs-mediated activation of CIPKs and insights into the molecular mechanism conferring specificity to the interaction. The structure also suggests a mechanism for the control of the phosphatase-binding and kinase activities of CIPKs and, consequently, for the regulation of various plant ion transporters.
RESULTS AND DISCUSSION
Overall Structure of the Complex The crystal structure of the complex between the calciumbinding protein SOS3 and the C-terminal regulatory moiety of SOS2 (C-SOS2, residues 306-430) was determined at 2.0 Å resolution (see Table 1 and the Experimental Procedures section for further details). The crystallographic analysis revealed a single copy of a SOS3:C-SOS2 heterodimer in the asymmetric unit. The complex comprises two distinct structural domains connected by a short polypeptide (Figure 1 ). SOS3 and the FISL/NAF motif from SOS2 (residues 311-321) form a single domain. In this domain, SOS3 defines a long binding cleft where the FISL/ NAF motif is placed and displays an extended conformation. The other structural domain is formed by the SOS2 residues from 339 to 430. They are folded to form a fivestranded antiparallel b sheet and two a helices. We designate this domain the protein phosphatase interaction (PPI) domain since it includes the SOS2 PPI motif that interacts with the PP2C-type protein phosphatase ABI2.
The PPI domain packs against the SOS3-FISL/NAF domain and lies in the opposite side of the SOS3 calciumbinding sites. It makes contacts with the accessible residues of the N-terminal moiety of the FISL/NAF motif and the surrounding residues of SOS3. The overall architecture of the complex resembles that of the calcineurin/ clyclophilin and calcineurin/FKBP12 complexes (Jin and Harrison, 2002; Kissinger et al., 1995 ) (see Figure S1 in the Supplemental Data available with this article online). The complex is largely stabilized by hydrophobic intermolecular interactions between both polypeptide chains since more than 75% of the buried surface area is formed by nonpolar atoms (2650 Å 2 of 3487 Å 2 ). Both the interactions between SOS3 and FISL/NAF motif and between SOS3 and PPI domain contribute to the formation of the complex (66% and 34% of the total buried surface area, respectively) (Wallace et al., 1995) .
The SOS3-FISL/NAF Domain The overall structure of the SOS3 portion of the complex is formed by two pairs of EF hand motifs. This structure appears to be the same as that described previously for the unbound form of SOS3 (Sanchez-Barrena et al., 2005) and the homologous CBL2 (Nagae et al., 2003) . However, a comparison of these structures shows that large differences arise form the relative position of the helices F4 and E4, connecting EF hands 3 and 4, and the loop between helices F1 and E1, connecting EF hands 1 and 2 ( Figure 2A and Movie S1). These rearrangements yield to a SOS3 molecule displaying an open conformation that is able to bind the FISL/NAF motif. The FISL/NAF motif fits remarkably well in the binding cleft formed by SOS3. The stability of the complex is maintained by means of hydrophobic interactions, involving 12 hydrophobic side chains for SOS3 and seven for the FISL/ NAF motif. In addition, five hydrogen bonds strengthen the interaction (see Figure 3 and Figure S2 ). This architecture provides the structural basis for the SOS2 kinase regulation. Biochemical data showed that SOS2 protein kinase domain binds to the FISL/NAF motif and that this interaction is responsible for the inhibition of its kinase activity (Guo et al., 2001 ). The structure shows that the FISL/ NAF motif would not be accessible to the kinase domain if it is bound to SOS3, leaving the kinase active.
The recognition mode of SOS3 and the FISL/NAF motif resembles that observed for the regulatory and catalytic subunits of calcineurin (CnB and CnA) (Kissinger et al., 1995) and that observed for the human calcineurin B homologous protein (CHP2) and the plasma membrane Na/H exchanger (NHE) (Ben-Ammar et al., 2006) . In these structures, the CnA-and NHE-binding segments expand a single a-helical motif onto the CnB and CHP2 subunits, respectively. In comparison, the FISL/NAF motif consists of two small a-helical segments, each one bound to an EF hand pair (helices aFIS1 and aFIS2) and flanked by short peptides ( Figure 2B ).
The SOS3-FISL/NAF structure together with a sequence analysis of the CIPK family reveals that the conserved residues among the proteins of the family are responsible for the overall shape of the FISL/NAF motif ( Figure S3 ). In particular, Asn311, Ala312, Phe313, Ile316, Ser319, and Leu322 from the SOS2 FISL/NAF motif are highly conserved among the CIPK family (hence the name FISL/ NAF motif). Interestingly, Asn311, Ala312, and Phe313 are involved in the formation of the loop connecting the N terminus of the FISL/NAF motif and the aFIS1 and Ile316, Ser119, and Leu322 and stabilize the central loop of the FISL/NAF motif ( Figure S3 ). All these residues are buried in the C-SOS2:SOS3 interaction ( Figure 3B ). These data suggest that the particular folding of the SOS2 FISL/ NAF domain is shared with other members of the CIPK family. This may explain the selectivity of CBL toward the CIPK family but not other protein families.
The specificity of the interaction between the CIPKs and CBLs has been extensively investigated both in vivo and in vitro. These studies revealed that some CBLs can interact with multiple CIPKs but that some others can only interact with a particular CIPK (Guo et al., 2001; Gong et al., 2004; Batistic and Kudla, 2004) . The sequence variation within the FISL/NAF motifs and/or in the neighboring residues of the target kinases probably determines the specificity between CIPKs-CBLs pairs. However, this would not fully explain the specificity of the interaction, as the most variable residues among the FISL/NAF motifs are solvent accessible residues that do not interact with SOS3 ( Figure 3B ). These residues, such as Gln320 and Asn323 ( Figure S3 ), are placed in the loop connecting the a-helical segments of the FISL/NAF motif, and they are stabilizing the relative position of the a-helical segment bound to the N-terminal EF hand pair domain with respect to the C-terminal one. Since the analysis of the structures of the unbound forms of SOS3 and CBL2 shows that the differences can be described as a hinge motion between the N-terminal and C-terminal EF hand pairs (SanchezBarrena et al., 2005) , this suggests that the particular conformation of each FILS/NAF motif and the relative position of the EF hand pairs of each CBL should provide the structural basis for the specificity of the CBLs-CIPKs interaction.
The high-resolution electron density map allowed the positioning of two calcium atoms at sites EF1 and EF4 and to model unambiguously the structure of the four calcium-binding sites. In contrast, the structure of the unbound form of SOS3 shows that the four EF hands are fully occupied with calcium. Consequently, it is difficult to see how calcium promotes the binding of SOS3 to SOS2 and how it stimulates the kinase activity from the comparison of both structures. To address this question, sedimentation equilibrium experiments were performed to investigate the effect of calcium in the association state of C-SOS2:SOS3 in solution (see the Experimental Procedures for details). Our data show that calcium stabilizes a heterodimeric C-SOS2:SOS3 complex in solution. On the other hand, the sample precipitates, becomes polydisperse, and/or forms high molecular weight aggregates when the same analysis is carried out in the presence of a chelating agent such as EDTA. The structure of the complex shows that the EF4 binding site should be the closest to the kinase domain, suggesting that the calcium binding to this site may be responsible of the activation of the kinase. Indeed, solution studies demonstrate that this site is able to interchange calcium with the media (SanchezBarrena et al., 2005) . A local change in the structure motivated by calcium binding could be responsible for global changes in the structure, as has been reported for other EF hand proteins (Lewit-Bentley and Rety, 2000; Otterbein et al., 2002) . The Structure of the PPI Domain The PPI domain folds as an a/b domain in which two a helices pack against a five-stranded antiparallel b-sheet with a b1-b5-b4-b3-b2 strand order. The first a helix (a1) connects b1 and b2, and the second (a2) is placed between b5 and the C-terminal end. The length of the b strands varies along the b sheet, with b5 and b4 double the size of b1, b3, and b2. The C terminus of the strand b1 aligns with the N terminus of the b5, whereas the b3 and b2 align with the N terminus of the b4. The protein phosphatasebinding sequence spans along the strand b1 and the first a helix of the domain ( Figure 4A ).
In the PPI motif of SOS2, the residues in the vicinity of the loop connecting b1 and a1 are highly conserved (Landau et al., 2005) among the protein of the CIPK family, suggesting that they are structurally and functionally important regions for phosphatase binding ( Figure 4B ). Indeed, targeted mutations of the conserved Arg340 and Phe341 abolished phosphatase binding (Ohta et al., 2003) . On the other hand, the most variable residues are located in the tip of the loop. This suggests that the variations in the loop may confer the specificity of a particular kinase for a particular phosphatase.
The PPI domain structure shows a striking similarity with that of the kinase associated domain 1 (KA1) of mouse map/ microtubule affinity-regulating kinase 3 (MARK3) (Tochio et al. [2006] , part of the Japanese Structural Genomic Project, PDB code 1UL7), although the sequence identity between them is very low (less than 14%). The Ca backbone of the PPI domain structure closely superimposes on the corresponding one of KA1, with a root-mean-square deviation of 1.54 Å for a total of 74 structurally equivalent Ca atoms ( Figure 4C ) (CCP4, 1994). MARK3 protein kinase belongs to the KIN2/PAR-1/MARK subfamily of protein kinases, which are conserved from yeast to human. As it is observed for the PPI domain of CIPKs, the members of the family display the KA1 domain in the C-terminal end of the protein. Members of this kinase subfamily are involved in various biological processes such as cell polarity regulation, cell cycle control, intracellular signaling, microtubule stability, and protein stability (Tassan and Le Goff, 2004) . Although the function of the KA1 domain is not yet The boundaries of the a helices forming the motif are also indicated as orange rectangles. The residue conservation degree among the members of the CIPK family is indicated as a numerical value: 9, conserved residue; 0, highly variable residue (Landau et al., 2005). known, the structural similarity with PPI domain suggests a common function for both domains. In this sense, the structure of the SOS2 C-terminal domain would define a scaffold module involved in the interaction with protein phosphatases that is conserved from yeast to human.
Domain Organization of the Complex
The analysis of the domain architecture of the binary complex between the calcium-binding protein SOS3 and the C-terminal moiety of the kinase SOS2 resolves the important question about the regulation of the dual and opposite functions of the C-terminal moiety of SOS2: the control of the SOS2 kinase activity and the binding to ABI2 phosphatase. The major interactions between the SOS3-FISL/NAF and PPI domains involve residues form the loop connecting EF hands 3 and 4 in SOS3 and residues form the b sheet end formed by b1, b5, and b4 in the PPI domain (Figures 1 and 4A ). In particular, Arg340 and Phe341, the residues that have been proven to be essential for ABI2 phosphatase binding, are buried in the interdomain interface ( Figure 5 ). In fact, using two hybrid assays, Ohta et al. (2003) showed that mutations of these residues not only disrupt the interaction with the phosphatase ABI2 but also hinder the interaction with SOS3. In addition, the relative position of the SOS3-FISL/NAF domain and the PPI domain is restrained by both the linker connecting the FISL/NAF motif and the PPI domain and the interactions between the PPI domain and SOS3. This arrangement necessarily implies that a dissociation of the FISL/NAF motif from SOS3 should be coupled with the dissociation of PPI module from SOS3. All these data show that the binding of ABI2 and SOS3 to SOS2 is mutually exclusive. Indeed, this hypothesis was confirmed in a direct competition experiment. An in vitro MBP pull-down assay was performed using MBP-fused SOS2 (MBP-SOS2) (Figure 6) . The preincubation of MBP-SOS2 with increasing amounts of His-tagged ABI2 (His-ABI2) yields to a reduction in the amount of GST-fused SOS3 (GST-SOS3) pulled down with MBP-SOS2. On the other hand, the preincubation with the control protein bovine serum albumin (BSA) did not reduce the amount of pulled down GST-SOS3. These observations support that the binding of SOS3 to SOS2 and the subsequent kinase activation are only possible when the SOS2 kinase is not interacting with ABI2.
In addition, the molecular architecture of the complex provides insights into the process by which the SOS2-SOS3 active complex is placed at the plasma membrane for the phosphorylation of the SOS1 ion transporter. The N-terminal myristoylation site of SOS3 and the N-terminal catalytic domain of SOS2 are placed in opposite sides of the complex. This configuration is compatible with the proposed role of SOS3 being the bridge between native SOS2 protein and the plasma membrane.
Implications and Conclusions
The signal transfer mechanisms of signal transduction are often mediated by scaffold modules and proteins that organize the signaling proteins into supramolecular complexes. These macromolecular arrangements ensure the (B) A section of the structure. The residues belonging to the PPI module are represented in a stick mode. These residues are colored according to their conservation degree among the members of the CIPK family. Blue, conserved residue; red, variable residue (Landau et al., 2005) . (C) Superimposition of the diagrams corresponding to the structures of the PPI domain (orange) and the structurally related KA1 domain (green, PDB code 1UL7). colocalization of the substrates and the products at particular cellular place, increase the specificity of the signal, and often are involved in the regulation of the activity of its components (Moscat et al., 2006) . The CIPKs have evolved to display discrete modules that guarantee the fine decoding of specific calcium signals triggered by a number of extracellular stimuli.
The structure of the C-SOS2:SOS3 heterodimer provides the structural basis for the regulation of the SOS2 kinase activity and binding to the protein phosphatase 2C. Our data provide a molecular mechanism for the kinase activation in which the calcium sensor SOS3 opens a cavity and binds the SOS2 autoinhibitory FISL/NAF motif. The basis for this regulation should be conserved among the Arabidopsis protein network formed by the CBLs calcium sensors and CIPKs family of kinases. In addition, our work shows the molecular basis for the specificity of the CBL proteins for the CIPKs, and not for other protein kinases, and shed light on the mechanism that confers specificity to each CBL-CIPK pair.
On the other hand, the joined analysis of the structure and the biochemical data show that the binding of SOS2 to the phosphatase ABI2 would preclude the binding of SOS3 to SOS2 and subsequent kinase activation. The SOS2 PPI domain is blocked by SOS3, and this ensures that the opposite activities, kinase activity and phosphatase binding, cannot occur simultaneously.
Finally, the analysis of the structure shows that the SOS2 PPI binding domain would define a scaffold module involved in the interaction with phosphatases that is structurally conserved from yeast to human.
EXPERIMENTAL PROCEDURES

Protein Expression and Crystallization
Details of the expression and purification of the C-SOS2:SOS3 complex will be published elsewhere. To summarize, the Arabidopsis thaliana (At) SOS3 (amino acids 1-207) and the AtSOS2 regulatory domain (amino acids 304-446) were constructed and cloned into the pETDuet plasmid (Novagen). This plasmid was transformed into the E. coli BL21-CodonPlus (DE3) (Stratagene) for protein coexpression. The overexpressed proteins were purified in two steps. First, after the cells were disrupted, the clarified supernatant was loaded onto a Resource-S cationic exchange column (Amersham Biosciences Limited, UK) and eluted in a NaCl linear gradient from 50 mM to 0.5 M. Second, the fractions enriched in the C-SOS2:SOS3 complex were then loaded in a gel filtration HiLoad 16/60 Superdex 200 column (GE Healthcare) equilibrated with buffer 20 mM Tris-HCl (pH 8.0), 125 mM NaCl, 5 mM dithiothreitol, 5 mM CaCl 2 , and 0.05% NaN 3 . The protein complex was concentrated to a final concentration of 10 mg/ml.
Crystallization experiments were carried out at room temperature. Crystals corresponding to the C-SOS2:SOS3 complex were grown using vapor diffusion techniques from drops containing C-SOS2:SOS3 (10.0 mg/ml), reservoir solution (20% w/v PEG4000, 0.1 M Tris-HCl [pH 7.5], 0.2 M lithium sulfate, 3% v/v ethylen glycol), and 1 M guanidine HCl in a ratio of 1:1:0.5.
In Vitro Binding Assay SOS2, SOS3, and ABI2 were cloned in pMALc2x (New England Biolab), pGEX2TK (Amersham), and pET14b (Novagen), respectively. Recombinant proteins were expressed in E. coli Rosetta cells (Novagen) and purified using amylose resin (NEB), glutathione-agarose beads (Sigma), or Ni-NTA agarose beads (Qiagen). Eluted GST-SOS3, His-ABI2, and GST were dialyzed with 10 mM Tris-HCl (pH 8.0), and 150 mM NaCl for 12 hr. MBP-SOS2 (4 mg) bound to amylose beads was incubated without or with different amounts of His-ABI2 or BSA (0.2, 1. Data Collection, Structure Determination, and Refinement Crystals were transferred to a solution containing 25% glycerol and mounted in a fiber loop and frozen at 100 K in a nitrogen stream. X-ray diffraction data were collected in a CCD detector using the ESRF Grenoble synchrotron radiation source at ID29 beamline. Diffraction data were processed using MOSFLM (Leslie, 1987) . Data collection statistics are summarized in Table 1 . The X-ray structure of C-SOS2:SOS3 complex was solved by molecular replacement at 2.0 Å´using the coordinates of the X-ray structure of the unbound SOS3 (AMoRe) (Navaza, 1994) . The electron density map calculated using these phases was good enough to manually build and refine the residues of the SOS3 moiety of the complex. Starting with this preliminary model, most of the residues from C-SOS2 could be traced automatically using ARP/wARP (Perrakis et al., 1997) . A complete model of the C-SOS2:SOS3 complex was refined using the simulated annealing routine of CNS (Brunger and Adams, 1998) . Several cycles of restrained refinement with REFMAC5 (Murshudov et al., 1997) and iterative model building with O (Jones et al., 1991) were carried out. Calculations were performed using CCP4 programs (CCP4, 1994) . The stereochemistry of the model was verified with PROCHECK (Laskowski et al., 1993) . Ribbon figures were produced using PyMOL (DeLano, 2002) . The accessible surface area calculations were performed with the program ''naccess'' from LIGPLOT package (Wallace et al., 1995) . The refinement statistics are summarized in Table 1 .
Sedimentation Equilibrium Experiments
Sedimentation equilibrium experiments were performed in a Beckman Optima XL-A ultracentrifuge using a Ti50 rotor and six channel centerpieces of Epon charcoal (optical pathlength 12 mm). Samples of C-SOS2:SOS3 were equilibrated against 20 mM Tris-HCl (pH 7.5) and 50 mM NaCl buffer plus 5 mM CaCl 2 or 1 mM EDTA and were centrifuged at 17,000, 20,000 and 29,000 rpm at 20 C. Radial scans at 280 nm were taken at 12, 14, and 16 hr. The three scans were identical (equilibrium conditions were reached). The weight-average molecular mass (M w ) of C-SOS2:SOS3 was determined by using the program EQASSOC with the partial specific volume of C-SOS2:SOS3 set to 0.730 at 20 C as calculated from its amino acid composition.
Calculations were performed with data at 17,000 rpm.
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